et al.. Fish-farm impact on metazoan meiofauna in the Mediterranean Sea: analysis of regional vs. habitat effects.
2 ABSTRACT: 27
The worldwide exponential growth of off-shore mariculture is raising severe concerns about the 28 impacts of this industry on marine habitats and their biodiversity. We investigated the metazoan 29 meiofaunal response to fish farm impact in four regions of the Mediterranean Sea. Meiofaunal 30 assemblages were investigated in two habitats (seagrass meadows of Posidonia oceanica and 31 non-vegetated soft bottoms) comparing sites receiving faeces and uneaten food pellets from fish 32 farms to control sites. We report here that, consistently across different regions, the meiofaunal 33 abundance typically responded positively to fish-farm effluents. Biodeposition caused also 34 significant changes in assemblage structure and the reduction in the richness of higher meiofaunal 35 taxa, but the multivariate analysis of variance revealed that the effects were region-and habitat-36 specific. In non-vegetated systems, three of the four regions investigated displayed significant 37 effects of the fish farms on richness of meiofaunal taxa. In vegetated habitats, meiofauna did not 38 respond to biodeposition (except in one region), suggesting that seagrass meadows can mask the 39 effects of fish-farm effluents on benthic biodiversity. We conclude that different indicators of 40 fish-farm impact are needed in vegetated and non-vegetated benthic systems. 41 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3
Introduction 47
Eutrophication is recognized as one of the most important emerging problems of the coastal 48 oceans and, during the past four decades, has increased exponentially in intensity, geographical 49 area and environmental consequences (Cloern, 2001) . Eutrophication is typically related to the 50 increase of nutrient and organic matter loads, which cause a progressive decrease of dissolved 51 oxygen concentrations (Dell'Anno et al., 2008) . The accumulation of large amounts of organic 52 matter in coastal sediments, associated with eutrophication processes, also induce significant 53 changes in the composition of sediment organic matter, which can have putative effects on the 54 benthos (see Pusceddu et al., 2009 for a review). 55
Aquaculture is a fast-growing industry which, through the release of organic and 56 inorganic N and P contributes to the progressive eutrophication of coastal areas (see Holmer et 57 al., 2008 and citations therein) . Aquaculture activities are now relevant at local and regional 58 scales, and recent estimates indicate that, in Mediterranean coastal areas, the release of nutrients 59 from fish farming contributes for up to 7 and 10% of N and P total discharge, respectively (Pitta 60 et al., 1999) . 61
Aquaculture installations can produce relevant shifts of the whole natural environment 62 (Boyra et al., 2004; Machias et al., 2004) , threatening the environmental quality of coastal zones 63 (Gowen and Bradbury, 1987) and generating conflicts between aquaculture and the conservation 64 of marine habitats, including the protection of large benthic primary producers, such as the 65 seagrass Posidonia oceanica. 66
The organic enrichment of the sediments immediately beneath the sea cages is a direct 67 result of the sedimentation of particulate waste products from the fish farm (Hargrave et al., 68 1997; Karakassis et al., 1998; Holmer et al., 2008) and a decreasing concentration with the 69 increasing distance from the point source is typically observed (Hargrave et al., 1993; Mazzola 70 4 et al., 1999; Pusceddu et al., 2007; Holmer et al., 2007) . The continuous flow of faeces and 71 food pellets from fish cages alters the quantity and the biochemical composition of sediment 72 organic matter, but with potentially different effects in different regions and/or habitats. 73
In fact, previous studies, carried out in non-vegetated and seagrass habitats of four 74
Mediterranean regions (Cyrus, Greece, Italy and Spain), have shown that the response of the 75 benthic biochemistry to aquaculture biodeposition is idiosyncratic, and significant increase in 76 the organic load can be detected only in those regions characterized by biopolymeric C contents 77 typically, 2 mg C g -1 (Pusceddu et al., 2007) . 78
To identify the changes induced by aquaculture activities on benthic ecosystems, we 79 investigated meiofaunal assemblages in different regions of the Mediterranean Sea along a 80 longitudinal gradient of trophic conditions (in terms of primary productivity, Pusceddu et al., 81 2007) . Metazoan meiofauna, for their ecological importance in the benthic ecosystems and the 82 lack of larval dispersion, are considered a sensitive tool for investigating structural and functional 83 changes of natural and anthropogenically-impacted ecosystems (see Vincx and Heip, 1987 for a 84 review). 85
Here we tested, using a hierarchical sampling strategy under uni-and multi-variate 86 contexts, the hypothesis that the presence of fish farms influences significantly the meiofaunal 87 assemblages in terms of abundance, community structure and diversity (i.e. richness and 88 evenness of taxa) and that different patterns can be expected in the four regions according to their 89 different trophic backgrounds .  90   91   92  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Figure 1 ). All of these regions, located at similar 99 latitudes and depths were selected on the basis of the presence of the fish farms, which have been 100 previously characterized in terms of their main environmental features (Table 1 ). In each of the 101 sampling regions, the effects of the fish farm on the meiofauna were investigated in two different 102 habitats: meadows of the seagrass Posidonia oceanica, and soft non-vegetated bottoms. In each 103 region, a preliminary survey was carried out to ascertain the presence of both the seagrass and the 104 soft substrates, and to characterize the environmental settings of the areas in terms of mean depth 105 and temperature, bottom currents, sediment type and porosity, and chlorophyll-a and inorganic 106 nutrient concentrations in the water column (Karakassis et al., 2005) . In each habitat, the impact 107 was quantified by contrasting the fish-farm sites with control sites characterized by relatively 108 pristine conditions and by environmental features comparable to those found beneath the cages 109 (Table 1 ). Controls were located upstream of the main currents, and at least 1,000 m from the fish 110 farms. It has been demonstrated that this distance avoids any potential effect of fish farms 111 (Holmer et al., 2008) and allows maintaining the spatial variability in background (control) 112 conditions as low as possible. 113
At each site, three replicates were collected randomly from the central area of each fish-114 farm site (i.e. beneath the cages) and in each control site, by means of manual corers (diameter 115 3.7 cm, 10.7 cm² surface area, down to a depth of 10 cm) operated by SCUBA divers. 116 concentrations were converted into carbon equivalents using 0.40 and 0.49 and 0.75 g C g -1 119 conversion factors, respectively, and their sum reported as biopolymeric C (Pusceddu et al., 120 2009 ). Data relative to the quantity and biochemical composition (i.e. protein, carbohydrate and 121 lipid contents) of organic matter in the sediments under scrutiny have been detailed elsewhere 122 (Pusceddu et al., 2007) . In this study, we focused our attention on the biopolymeric C 123 concentrations and on the values of the protein to carbohydrate ratio as descriptors of the 124 quantity and quality of sediment organic matter, respectively (Pusceddu et al., 2009) . 125 126
Meiofaunal analyses 127
Each sediment sample was fixed with 4% buffered formaldehyde (in filtered seawater solution) 128
and was sieved through 1000 µm sieve (to retain macrobenthos and macroalgae) and 32 µm sieve 129 (to retain smaller meiofauna) in laboratory. The sample fraction retained by a 32 µm mesh net 130 was added to Ludox HS 40 (density arranged to 1.18 g cm -3 ), for density centrifugation extraction 131 (10 min, 800 × g, for 3 times) from the sediment (Heip et al., 1985) . All metazoan animals were 132 counted and classified per taxon under a stereomicroscope using Delfuss cuvettes, after staining 133 with Rose Bengal (0.5 g L -1 ). Community evenness was calculated as the Pielou's index using the 134 different meiofaunal taxa as entries, by means of the PRIMER software (Clarke and Gorley, 135 2003) . 136 137
Statistical analyses 138
Differences between control and impact sediments were assessed for all of the investigated 139 variables using a three-way analysis of variance (ANOVA). The analysis treated the factor region 140 7 (R, 4 levels) as random, habitat (H, 2 levels) as fixed and crossed with R, and impact (I, 2 levels) 141 as fixed and orthogonal to R and H. When significant differences (p<0.05) were observed, a post-142 hoc Student-Newman-Kuels' test (SNK) was also performed. ANOVA and SNK tests were 143 carried out using the GMAV software (University of Sidney). 144
Distance-based permutational multivariate analyses of variance (PERMANOVA, 145 Anderson, 2001) were used to quantify in the two benthic habitats the effects of the fish farms on 146 i) the organic matter quantity and quality and ii) the meiofaunal assemblages. The analysis treated 147 the factor region (R, 4 levels) as random, habitat (H, 2 levels) as fixed and crossed with R, and 148 impact (I, 2 levels) as fixed and orthogonal to R and H. For organic matter, the data set included 149 48 observations on concentrations of biopolymeric C and the values of the protein to 150 carbohydrate ratio. For meiofauna, the data set included 48 observations and the abundance of all 151 the taxa. Since the interaction term R × H × I was seen to be significant either for organic matter 152 and meiofauna, pairwise comparisons, which also used 499 random permutations to obtain P-153 values, were also carried out to ascertain differences between control and impact sediments in all 154 regions, separately. The P-values were calculated using 499 Monte Carlo draws from the 155 asymptotic permutation distribution (Anderson and Robinson, 2003) . PERMANOVA tests were 156 carried out (either in the uni-and multivariate contexts) also removing the effects of the main 157 environmental variables (i.e., water depth, current speed, sediment type, porosity and water 158 content, biopolymeric C and protein to carbohydrate ratio) as covariates. 159
In order to assess whether and how much environmental variables explained changes in 160 meiofaunal abundance, richness and evenness of taxa, a non-parametric multivariate multiple 161 regression analysis that was based on Euclidean distances was carried out using the routine 162 DISTLM forward (Mc Ardle and Anderson, 2001) . The forward selection of the predictor 163 variables was carried out with tests by permutation. P values were obtained using 4,999 164  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 (Table 2) , with differences between impacted and control sites varying between the two 171 habitats and the four geographical areas. In particular, the SNK tests revealed that biopolymeric 172 C concentrations in farm-impacted sediments increased consistently in vegetated sediments in 173
Cyprus, in both habitats in Greece and in non-vegetated sediments in Italy (Figure 2A) , 174
whereas values of the protein to carbohydrate ratio increased in impact sites in non-vegetated 175 sediments in Cyprus, in both habitats in Italy and in non-vegetated sediments in Spain and 176 decreased in impact sediments of both habitats in Greece ( Figure 2B ). 177
A general increase of meiofaunal abundance was observed in impacted sediments 178 ( Figure 3A ) and the ANOVA revealed significant R × H × I variations in total meiofaunal 179 abundance (Table 3) . Moreover, the SNK tests indicated that total meiofaunal abundance 180 increased significantly in impact sites in vegetated sediments in Cyprus and non-vegetated 181 sediments in Italy, whereas no significant differences between impact and control sediments 182 were observed in all other regions and habitats ( Figure 3A) . 183
Abundance of all of the meiofaunal taxa in the sediments are reported in Table 4 . 184 ANOVA revealed significant R × H × I effects on the abundance of all of the meiofaunal taxa 185 with differences between impact and control sites differing in extent and direction in different 186 regions and habitats and for the different taxa ( The PERMANOVA test applied on the meiofaunal community composition showed a 197 significant R × H × I effect, indicating that the differences between control and fish-farm 198 impacted sites varied between the two habitats and the four regions (Table 6 , Figure 3B -C). 199
The analysis carried out separately for all of the four regions and the pairwise comparison tests 200 revealed that differences between impact and control sites in the meiofaunal community 201 composition were significant only in non-vegetated sediments either in Cyprus and Greece. 202 At all sites nematodes and copepods were the most dominant taxa, followed by 203 polychaetes, ostracods, turbellarians, oligochaetes , gastrotrichs and all other taxa. 204
The richness of meiofaunal taxa decreased significantly in impacted sites in all non-vegetated 205 sediments, whereas no significant differences between impact and control sites were observed 206 in seagrass sediments (Table 7 and Figure 4A ). On the other hand, significant differences in 207 community evenness were observed between regions and between impact and control sites only 208 in non-vegetated sediments in Cyprus (Table 7, Figure 4B ). 209 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 4. Discussion 210
Impacts of fish-farm effluents on meiofaunal abundance 211
Ecosystem alterations induced by different typologies of disturbance, including human impacts, 212 generate variable shifts in benthic species, assemblages and community composition. Fish 213 farming, by modifying the whole attributes of the benthic environment beneath the cages, 214 produces relevant modifications in the abundance, biomass, species composition and evenness of 215 meio-and macrofauna (e.g. Mirto et al., 2002; Kalantzi and Karakassis, 2006) . 216
The responses of metazoan meiofauna to various ecosystem alterations are clearly 217 detected at the highest taxonomic level, with a resolution similar to that provided by the analysis 218 of lower taxonomic levels (Kennedy and Jacoby, 1999; Warwick 1988) , also under the influence 219 of fish farms (Sutherland et al. 2007). 220 In this study, we analysed the potential effects of fish farm effluents on the abundance 221 and community composition of meiofauna, by comparing, for the first time, two different 222 habitats in four different regions with different background trophic conditions. The general 223 outcome from the available literature is that fish-farm effluents typically alter meiofaunal 224 abundance, diversity, biomass, and species composition (Duplisea and Hargrave, 1996; Kennedy 225 and Jacoby, 1999; Mirto et al., 2000; -2002; La Rosa et al., 2001; Sutherland et al., 2007) . 226
However, changes associated with the presence of fish-farm effluents are often not consistent, as 227 meiofaunal abundance may either increase or decrease beneath the fish cages, depending on the 228 site or the farm characteristics. 229
In the present study, the idiosyncratic meiofaunal responses to fish farm impact was 230 confirmed. Although total meiofaunal abundance was generally higher in the fish-farm than in 231 the control sediments, such changes were not always statistically significant. This result is 232 apparently in contrast to previous investigations reporting a decrease of meiofaunal abundance in 233  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 non-vegetated systems subjected to bio-deposition from fish cages (Mirto et al., 2002; Sutherland 234 et al., 2007) . The general positive response of meiofaunal abundance to fish-farm biodeposition 235 could be related to the relatively limited organic enrichment in the sediments beneath the cages, 236 as reported in sediments subjected to mussel farm bio-deposition, where the organic inputs to the 237 bottom were similarly low (Danovaro et al., 2004) . 238
The results of the PERMANOVA, carried out in the univariate context, revealed that 239 differences in total meiofaunal abundance between impact and control sites were due to the 240 effects of the environmental covariates (Table 8 ). The effect of organic matter enrichment in fish-241 farm sediments was significant only in oligotrophic regions (i.e., Cyprus and Greece). The 242 multiple regression analysis, indeed, revealed that, among the different environmental variables, 243 only the current speed and the biopolymeric C concentrations explained significant proportions 244 (15% and 9%, respectively) of the total meiofaunal abundance (Table 9 ). This result supports the 245 expectation that changes in meiofaunal abundance in fish-farm sediments are linked to the 246 organic matter inputs released by the fish farm, as well as to the local hydrodynamism. 247
The results of this study suggest that the impact of aquaculture effluents on the 248 meiofaunal abundance is both region-and habitat-specific and also highlight that the direction 249 and intensity of the response of total meiofaunal abundance to aquaculture effluents depend on 250 the environmental conditions. 251 252
Impacts of fish-farm effluents on meiofaunal communities 253
The results presented here provide evidence that, in all investigated regions, consistent 254 significant effects of fish-farming effluents on meiofaunal biodiversity can only be detected in 255 non-vegetated sediments. In all soft bottoms beneath fish farms the richness of higher taxa 256 decreased significantly when compared to control sites (from 13-16 in all control sediments to a 257 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 minimum of 9 taxa in non-vegetated impact sediments in Spain), whereas no significant 258 differences were observed in terms of taxa evenness. The taxa that disappeared beneath the cages 259 changed amongst regions, but always included the rare taxa (i.e., taxa representing <1% of the 260 total meiofaunal abundance; Figure 3C the presence of a large number of filter feeders and detritus feeders associated with the seagrass 280 bed can also act as a buffer for the organic enrichment, by consuming a large fraction of the 281  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   13 biodeposits (Balata et al., 2008) . Moreover, the presence of a large assemblage of prokaryotes, 282 protozoa and meiofauna within the seagrass sediments makes it difficult to detect the presence of 283 significant changes in these components (Danovaro 1996 , Bongiorni et al., 2005 . Posidonia 284 oceanica is known to be highly sensitive to anthropogenic impacts, and it has been demonstrated 285 that, in the long term (i.e. years to decades), the increased sedimentation of waste particles and 286 the accumulation of organic matter lead to the deterioration of the seagrass system (Pergent-287 Martini et al., 2006) . In the regions investigated, the seagrass systems displayed a clear impact 288 and several indicators of deterioration of the Posidonia meadows were reported (Holmer et al., 289 2008) . However, the effects of biodeposition on meiofaunal variables were not evident, indicating 290 that in seagrass systems the search for meiofaunal indicators of impact is unnecessary as it 291 provides, if any, a slow or late response to the fish-farm impact. 292 293
Conclusions and perspectives 294
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